In CNS, glucocorticoids (GCs) activate both GC receptor (GR) and mineralocorticoid receptor (MR), whereas GR is widely expressed, the expression of MR is restricted. However, both are present in the microglia, the resident macrophages of the brain and their activation can lead to pro-or anti-inflammatory effects. We have therefore addressed the specific functions of GR in microglia. In mice lacking GR in macrophages/microglia and in the absence of modifications in MR expression, intraparenchymal injection of lipopolysaccharide (LPS) activating Toll-like receptor 4 signaling pathway resulted in exacerbated cellular lesion, neuronal and axonal damage. Global inhibition of GR by RU486 pre-treatment revealed that microglial GR is the principal mediator preventing neuronal degeneration triggered by lipopolysaccharide (LPS) and contributes with GRs of other cell types to the protection of non-neuronal cells. In vivo and in vitro data show GR functions in microglial differentiation, proliferation and motility. Interestingly, microglial GR also abolishes the LPS-induced delayed outward rectifier currents by downregulating Kv1.3 expression known to control microglia proliferation and oxygen radical production. Analysis of GR transcriptional function revealed its powerful negative control of pro-inflammatory effectors as well as upstream inflammatory activators. Finally, we analyzed the role of GR in chronic unpredictable mild stress and aging, both known to prime or sensitize microglia in vivo. We found that microglial GR suppresses rather than mediates the deleterious effects of stress or aging on neuronal survival. Overall, the results show that microglial GR acts on several key processes limiting pro-inflammatory actions of activated microglia.
Microglia as primary sensors of danger signals or of altered microenvironment rapidly undergo a programmed molecular and morphological transformation to elicit an inflammatory response. 1 In the CNS, microglial-mediated inflammatory processes triggered by nerve injury, trauma, ischemia or pathogen invasion are often associated with cellular damage. However, initiation of an innate immune response and inflammatory reaction also entails activation of various regulatory controls that prevent inappropriate tissue damage and stimulate tissue repair processes, for example, phagocytosis, neovascularization, neurogenesis and synaptic plasticity. [2] [3] [4] Among the regulatory controls, mechanisms such as transcriptional and post-transcriptional repression of pro-inflammatory cytokines or neo-synthesis of antiinflammatory molecules and inhibitors of inflammatory signaling pathways are known to attenuate the activated pro-inflammatory state of microglia. Nevertheless, it remains unclear how microglia regulate their different modes of actions including switching on and off the resting (surveying), inflammatory or reparative states on different insults. 5 In this respect, microglia are phenotypically described as heterogeneous related likely to their different functional responses as a result of specific changes in their immediate environment. 2 The neuroendocrine system through activation of steroid hormone receptors, for example, glucocorticoid receptor (GR), mineralocorticoid receptor (MR) or estrogen receptor (ER), is known to exert powerful modulatory effects on immune responses. 6 Indeed, microglia express these ligand-dependent nuclear receptors. 7 Although their molecular actions during an inflammatory process triggered in glia, which affects neuronal survival, are beginning to be elucidated, 8, 9 their exact functions in microglial physiology remain to be determined. In CNS, MR and GR are activated by glucocorticoids (GCs) with different affinities, additionally MR can be activated by aldosterone in non-neuronal cells. 10 Whereas MR promotes pro-inflammatory effects, 11, 12 GR acts to limit inflammation and stimulate the resolution phase; 13 recent studies, however, suggest that their actions in inflammation are complex as well as context dependent. Thus, for example, systemic administration of GR antagonist RU486 was shown to exacerbate cell damage initiated by a single intrastriatal injection of LPS 14 indicating important protective role of GR. However, increased GCs levels in response to different psychogenic stressors, such as restraint stress, unpredictable stress, repeated social defeat or inescapable shock, have been correlated with pro-inflammatory cytokine production and sensitization of microglia. Moreover, subsequent inflammatory triggers aggravate neuronal injury. [15] [16] [17] [18] [19] [20] Finally, alterations in the HPA axis during aging can result in chronically high GC levels that are known to contribute to immunosenescence exemplified by a sustained low production of pro-inflammatory molecules. 21, 22 Thus, depending on the context, GC-GRs appear to exert either pro-or anti-inflammatory actions.
In contrast to the well-studied actions of GC-GR in peripheral immune cells, the precise functions of GR in microglia, the CNS immune-responsive cells, remain poorly understood. In this study, using mice conditionally inactivated for GR gene in macrophages/microglia, we report hitherto unappreciated actions of GR in relation to acute inflammation as well as during aging and stress.
Results

Inactivation of GR gene in GR
LysMCre mutant mice. The selective absence of microglia in GR LysMCre mice was verified by double immunofluorsecence analysis of GR with microglial, neuronal astroglial or oligodendroctye markers in striato-cortical regions (Supplementary Figures S1A-D) . GR mRNA level in microglial cultures obtained from mutant was negligible (Supplementary Figure S1E) . No compensatory changes in MR levels or local production of GCs by corticosterone-metabolizing enzymes 11-b hydroxysteroid dehydrogenases 1 and 2 that may be affecting the inflammatory state in mutants were found. ER alpha mRNA levels were similar in both genotypes (Supplementary Figure  S1F) . MR mRNA levels remained unaltered in the corticostriatal lesioned region after LPS injection in control and mutant mice, by contrast GR showed diminution in the mutants (Figure 1e ).
The absence of GR in microglia exacerbates inflammatory lesion and induces neuronal degeneration following a single intraparenchymal LPS injection. Cellular, axonal and neuronal damage resulting from a single injection of either saline or LPS in right striatal region was compared between GR LysMCre mice and control littermates. In both the groups, saline injection showed negligible cellular damage analyzed after 3 days by cresyl violet staining. However, LPS-induced cellular damage was significantly greater in mutants compared with controls; the lesion size being dependent on LPS dose (P ¼ 0.02 and 0.03 for 1.5 and 5 mg LPS, respectively, Figure 1a ). As LPS-induced inflammation can damage axonal fibers and promote demyelination, 14 we analyzed myelinated axonal tracts in the corpus callosum using luxol fast blue (LFB) staining. The results of LFB at 3 days after 1.5 or 5 mg/ml LPS injection indicated that demyelination had occurred in the corpus callosum of GR LysMCre but not control mice. Lesion area in corpus callosum and peri-corpus callosum was significantly greater in mutants (P ¼ 0.05, Figure 1b) . After 7 days, in both control and mutant mice, an accumulation of cells was observed in corpus callosum suggesting an ongoing repair process independent of microglial GR. To examine whether microglial GR has a role in regulating neuronal damage, degenerating neurons labeled with Fluoro-Jade B present mostly in the cortical area were quantified. In saline-injected control and mutant mice, only a few and similar number of Fluoro-jade B þ neurons were observed where the needle had pierced. In sharp contrast, following 1.5 mg/ml of LPS injection, the number of degenerating neurons increased two-to threefold in mutant but not control mice (P ¼ 0.005, n ¼ 6, Figure 1d ) at 3 days returning to saline levels after 7 days (Figure 1d ).
Circulating corticosterone levels increased four-to fivefold in both control and mutant mice 3 days after LPS compared with basal non-injected animals. The mutant group showed slightly higher level indicating that despite high corticosterone levels they sustained greater cellular damage from LPS-induced inflammatory reaction (Figure 1c ).
Microglial GRs are the principal regulators of LPS-induced neuronal degeneration. To determine whether GR expressed in other cell types than microglia has a role in LPS-induced cellular damage, we injected mice intraperitoneally (i.p.) with GR antagonist RU486 16 h before LPS intrastriatal injection. In control mice, the cellular and axonal lesions were significantly greater after RU486 pre-treatment compared with vehicle-injected mice (Figures 2a and b) . Interestingly, in mutant mice, a further significant increase in lesion was observed (P ¼ 0.03) strongly suggesting that the magnitude of inflammation is aggravated by inactivation of GR in microglia together with GR inhibition in other cells. In contrast, although RU486 pre-treatment augmented neuronal degeneration in control mice, no further increase was observed in mutants ( Figure 2c ). When mice were pretreated for 4 h with RU486 to limit nonspecific secondary alterations and killed 24 h after LPS injection, mutants displayed similar increase in lesion with no difference in neuronal degeneration between the two genotypes ( Figure 2d ) indicating that microglia GRs are the sole mediators involved in the protection of neurons. As it is possible that invading immune cells may participate in inflammation-induced damage, we assessed the role of GR in T cells in GR LckCre mice. No difference in total necrotic lesion, damage to corpus callosum or neuronal degeneration was observed between GR LckCre and control mice (Supplementary Figures S2A-C) .
Microglial GR regulates microglial proliferation, activation and motility. The reactive microglia and astroglia, assessed by F4/80 and glial fibrillar acidic protein (GFAP) immunofluorescence, respectively, were present in the cortex, septum and striatum on the ipsilateral side of LPS injection. A greater number of microglial cells exhibited amoeboid morphology in the cortical and septal areas in GR LysMCre compared with control mice (Figure 3a) . Measurement of the surface area showed that the reactive microglial area was almost double in the GR LysMCre (P ¼ 0.032, Figure 3b ). In contrast, no significant difference was observed in the reactive astroglial morphology or in the area between
GR
LysMCre and control mice (Figures 3b and c) . BrDU incorporation revealed a clear increase in microglial but not astroglial proliferation in mutants (P ¼ 0.02, Figure 3d ).
In vitro microglia exhibit reduced motility and increased amoeboid morphology in the absence of GR. The role of microglial GR in morphological and cell motility alterations that characterize their activation was analyzed by video GR regulates delayed outward rectifier currents induced by LPS by repressing the expression of K v 1.3 voltageactivated potassium channel. Microglia activation is associated with an induction of voltage-activated potassium channels of the delayed rectifier family, which regulate several functional properties of these cells, for example, proliferation and production of inflammatory molecules. 23 To test whether GR also modulates this aspect of microglia activation, we performed whole-cell recordings of cultured microglial cells. As previously observed 24 microglial cells recorded in control conditions expressed mostly inwardly rectifying potassium currents activated by hyperpolarization (data not shown) and barely detectable delayed rectifier outward currents activated by depolarization ( Figure 5a ). After 6 to 24 h of LPS treatment, large outward currents resembling potassium delayed rectifier currents were evoked by depolarizing steps above -30 mV (P ¼ 0.008, Figure 5a ). In the presence of dexamethasone (100 nM) during the LPS treatment, these outward currents were not observed during depolarizing steps (P ¼ 0.02, Figures 5a and b), indicating that GR stimulation inhibits the induction of delayed rectifier currents by LPS.
We reasoned that Kv1.3 channel, reported to largely mediate this current in activated microglia, 23, 25 could be a potential GR target as LPS was shown to stimulate its expression in cultured rat microglia. 26 Indeed RT-qPCR analysis showed five-to sixfold augmentation in Kv1.3 mRNA level by LPS in control (P ¼ 0.014) and GR LysMCre microglia (P ¼ 0.049). Dexamethasone treatment completely repressed this increase in control but not GR LysMCre microglia (Figure 5c ). modulations in inflammatory gene expression, mRNA levels of inflammatory genes were analyzed by RT-qPCR in lesioned cortical and striatal areas 6 and 24 h after intraparenchymal LPS injection. An augmentation in the expression of tumor necrosis factor-a (TNFa; P ¼ 0.03), prointerleukin-1b (proIL-1b; P ¼ 0.05) and monocytes chemotactic protein-1 (MCP-1; P ¼ 0.02) was evident at 24 h in GR LysMCre compared with control mice (Figure 6a ). Genes coding for upstream activators of innate immune response, that is, interferon gamma (IFN-g; P ¼ 0.05), TLR4 (but not other members of TLR family; P ¼ 0.02), MyD88 (P ¼ 0.05) and pro-caspase 4 (P ¼ 0.05), showed an early increase at 6 h in the lesioned side of GR LysMCre mutants mice compared with control mice (Figure 6b ). This indicates that GR rapidly exerts an important regulatory control on these upstream mediators that would otherwise amplify and prolong the inflammatory process.
Microglial GR regulates in vivo and in vitro
To verify that microglial GRs are the direct regulators of these pro-inflammatory genes, we analyzed their expression levels in primary microglia cultures following LPS or LPS þ dexamethasone treatments. In control but not in GR LysMCre microglia, dexamethasone inhibited mRNA levels of TNF-a, cyclooxygenase-2 (COX-2), inducible nitric oxide synthase (iNOS) and proIL-1b indicating that GR regulates their transcription (Figure 6c ). The rise in expression of chemoattractant MCP-1 and chemotactic CXCL-10/IP10 by LPS was also inhibited by dexamethasone in control but not mutant microglia (Figure 6c ). In contrast to dexamethasone, aldosterone (50 nM) decreased TNF-a and MCP-1 levels in mutants indicating that MR remains functional in the absence of microglial GR.
Microglial activity and levels of purinergic P2 and adenosine receptor subtypes can alter dramatically in response to neuronal damage. These receptors profoundly affect inflammation by regulating microglial proliferation, process motility, migration, phagocytosis and release of cytokines and chemokines. [27] [28] [29] [30] RT-qPCR analysis did not reveal any differences in P2 Â 4, P2 Â 7, P2Y6 and P2Y12 receptors between control and mutant microglia (data not shown). LPS significantly upregulated adenosine 2A receptors in control but not mutant cultures indicating that GR is involved in expression of this primary anti-inflammatory gene (Figure 6c ).
To check whether GR acts to modulate transcription of these genes through suppression of AP-1 and NF-kB transcriptional activities, microglia were transfected with pGL3 piNOSm-luc expression plasmid under the control of iNOS promoter encompassing AP-1 and NF-kB sites. The results of LPS ± dexamethasone treatment of transfected cultures showed an inhibition of luciferase activity by dexamethasone in control but not mutant cultures (Figure 6d ).
Analysis of role of microglial GR in priming microglia during chronic unpredictable mild stress (CUMS) and in aging. GC-GR are reported to affect microglial 'priming' following stress or in aging, 5, 16, 18 ,31-37 thus we tested the role of microglial GR in these two processes. CUMS paradigm alone did not induce neuronal degeneration in young control or mutant mice (data not shown). Following intrastriatal LPS injection 24 h after CUMS in control mice, degenerating neurons in cortex and striatum increased two-to threefold (P ¼ 0.008), suggesting microglial sensitization by stress. In mutant mice, this effect was exacerbated because the number of degenerating neurons tripled compared with similarly treated controls (P ¼ 0.03, Figure 7a ). Corticosterone levels after CUMS were similar between control and mutant mice indicating that increased neuronal death in mutants is unrelated to stress-induced GC levels (Figure 7b cf. Figure 1c for mean basal levels). Neuronal degeneration was also analyzed in aged (15-24 months) mice after intrastriatal LPS injection. Old control mice showed greater neuronal degeneration compared with young mice (P ¼ 0.025, Figure 7a) , and like stressed mutants there was a further significant increase in old GR LysMCre mice (P ¼ 0.05, Figure 7a ). Lesion volume was increased in both genotypes (P ¼ 0.03, control and mutants) after CUMS paradigm and LPS injection, with greater damage in mutants (P ¼ 0.05, Figure 7c ). In contrast, aging had no influence on cellular damage induced by LPS, the total volume of cellular lesion for each genotype being similar between young and aged animals ( Figure 7c ). However, old mutants exhibited more damage compared with old controls (P ¼ 0.03). These results indicates that stress, as opposed to aging, also affects cells other than microglia and neurons.
Quantification of hypertrophied microglia in cortex and striatum after CUMS showed no difference between controls and mutants. (Figure 7d ). As the number of hypertrophied microglia was negligible in cortical/striatal regions of aged mice, they were injected i.p. with LPS (0.5 mg/kg) and killed 24 h later. The mean microglial surface area in the cortex was same between genotypes (Figure 7e) . The microglial density increased in cortex and striatum (P ¼ 0.05) after i.p. LPS indicating that peripheral inflammation triggers proliferation of microglia, however, no difference between genotypes was observed (Figure 7f ). 
Discussion
Signaling between the immune, endocrine and nervous systems contributes to restoration of homeostatic state following an inflammatory insult. Inappropriate reaction of these systems results in an exaggerated inflammatory response that can trigger neuronal injury and cell death. 6 We have examined the regulation of microglial properties by GR during LPS-induced inflammation using mice inactivated for GR gene in macrophages/microglia. In brain, microglia are the principal TLR4-expressing innate immune cells and thus constitute the main effectors of LPS-induced inflammatory response. 38, 39 Intraparenchymal LPS injection triggered a localized inflammatory response characterized by cellular lesion and significant glial activation along the trajectory of injection. The lesion observed in cortex and corpus callosum is likely the result of leakage back along the injection tract and intriguingly, as also reported by Nadeau and Rivest 14 the lesion was less evident in the striatum than in the cortex. It is possible that blood-born monocyte infiltration had occurred at the surface of cortex and/or there are functional differences in microglia between these two regions. 1, 40 No difference was found in lesions between control and mutant mice after saline injection. However, following LPS injection, mutants displayed significantly greater cellular lesion, demyelination and damage in the corpus callosum, the latter indicating that GR in white matter microglia prevents pro-inflammatory mediators from injuring axons. LPS induced significant neuronal degeneration in GR LysMCre but not control mice. The most likely explanation of our observations in mutants is the absence of microglial GR brake on inflammation. However, inactivation of GR may alter the expression of other steroid receptors with deleterious effects. 41 We did not observe any difference in the MR expression after LPS injection between control and mutant mice. It is nevertheless possible that MR is active in microglia and exerting pro-inflammatory effects. In this regard, in an experimental model of cerebral ischemia, conditional inactivation of MR in macrophages/microglia resulted in reduced infarct volume 12 indicating important pro-inflammatory activity of MR in these cells.
The result showing greater cellular damage in GR LysMCre mice by LPS after pre-treatment with RU486 at two different time points implies a cross-talk regarding the regulation of inflammatory processes and/or cell survival involving microglial GR and GR in other cells. Within the time period studied, the results using GR LckCre mice showed that GR in T cells does not contribute to inflammatory lesion. Microglialsecreted cytokines, for example, TNF-a or IL-1b, are known to activate astrocytes that can participate in inflammatory response, particularly TLR4 activation by LPS. 42 This raises the possibility that on global inhibition of GR, astrocytes in mutants become more pro-inflammatory. As pro-survival role Figure 5 Dexamethasone inhibits the LPS-induced upregulation of delayed rectifier currents in cultured microglia. (a) Representative whole-cell membrane currents recorded in microglial cells in response to depolarizing voltage steps from a holding potential of -70 mV (lower traces). The expression of typical delayed rectifier currents in microglia after 6 or 24-h treatment with LPS (100 ng/ml), inhibited when dexamethasone (100 nM) was applied 1 h before and during the LPS treatment.
(b) Average current densities induced by a voltage step to À 10 mV in microglial cells in control conditions (n ¼ 6), after LPS treatment (n ¼ 7) and after LPS and dexamethasone co-treatment (n ¼ 6). **Pr0.02. (c) RT-qPCR analysis of K v 1.3 mRNA levels in micorglial cultures from control and GR LysMCre pups; not treated (NT) or treated with LPS (100 ng/ml) or with LPS þ dexamethasone (100 nM). Note that LPS significantly induces Kv1.3 mRNA level and that this upregulation is dexamethasone sensitive. In GR LysMCre cultures, dexamethasone does not inhibit Kv1.3 upregulation indicating that the inhibition is GR mediated. **Pr0.02, *Pr0.05 NT versus LPS treatment of GC-GR has been reported in oligodendrocytes, 43 it is also likely that these cells are susceptible to RU486 pre-treatment and are lost in greater numbers in mutants.
Inflammatory reactions mediated by microglia are characterized by production of both pro-inflammatory and antiinflammatory factors that determine either neurotrophic or neurotoxic outcomes. 3, [44] [45] [46] [47] [48] In vivo results showed a significant rise of pro-inflammatory TNF-a, proIL-1b, iNOS, MCP-1 and COX-2 mRNA levels 24 h following LPS injection in GR LysMCre mice, the results of primary microglial cultures validated that these inflammatory mediators are regulated by microglial GR. Interestingly, we also observed an increased expression of TLR4, MyD88, pro-caspase 4 and IFN-g levels at 6 h in vivo in GR LysMCre mice indicating a positive feed-forward mechanism amplifying the TLR4 signaling pathway in mutants.
We show that GR regulates microglial proliferation, differentiation and motility. Analysis of microgliosis and astrogliosis after an intraparechymal LPS injection revealed an increased spread of activated microglia in the striatal region and overall greater proliferation in mutants compared with controls. In addition, numerous amoeboid-shaped microglia in the cortical surface were observed in GR LysMCre mice. In vitro, microglia do not exhibit the morphological 'resting' phenotype observed in vivo with small cell soma and many processes and are regarded as 'semi-activated'. The quantification of video-microscopic images in vitro showed greater number of amoeboid-shaped microglia in mutant microglial cultures. Moreover, the cell motility analyses showed that mutant microglia without any treatment exhibit decreased cell motility resembling control cultures treated with LPS. These in vitro data thus imply activation of GR in microglia during the 12 -day culture period by GC hormone (e.g., present likely in fetal calf serum) leads to downregulation of some of the features of microglial activation. One interesting finding was the dexamethasone sensitivity of the delayed rectifier currents generated on microglial activation by LPS. K v 1.3 potassium channel that mediates the outward currents has been linked to microglial proliferation, peroxynitrite production and respiratory burst. 23, 26 Different types of stressors have been found to 'prime' microglia such that subsequent insult exacerbates microglial inflammatory phenotype resulting in increased lesion and neuronal death. [49] [50] [51] Microglial sensitization is also described in aging that may be related to alterations in HPA axis as well as immune deregulation leading to an increased circulating pro-inflammatory cytokines. GC-GR has been implicated in augmenting pro-inflammatory microglial responses either directly or via upregulation of glutamate NMDA receptors. 16, 18, [35] [36] [37] Our results on increased neuronal degeneration in control CUMS mice following LPS injection indicate that microglia become harmful to neurons after stress. Neuronal degeneration was also significantly greater in old compared with young control mice. Mutant mice showed further increase in neuronal degeneration and cellular lesion on intrastriatal LPS injection. If GR in microglia was priming microglia leading to exacerbated damage after stress or in aging, we should not have observed increased damage in mutants after LPS-triggered inflammation. Our results, however, indicate that stress or aging synergize with LPS in inflicting damage to neuronal and non-neuronal cells and microglial GR acts to limit the damage caused by LPS. In support of this notion, analysis of microglial density or surface area in both stress and aging paradigm did not reveal any differences between control and mutant mice. Thus, it remains to be determined whether GR in other cells types acts on microglial sensitization process during stress and aging.
In conclusion, GR regulates key microglial properties during inflammation, having a determining role in neuronal survival. ;Tg:LckCre (thereafter denominated GR LckCre ) mice were generated by crossing Nr3C1 loxp mice 52 with LysMCre and LckCre transgenic mice, which express Cre recombinase inserted by homologous recombination under the lysozyme M promoter gene or Lck-Cre transgene, respectively. 53 The mice were backcrossed to C57BL/6J for at least 10 generations.
Mice were group-housed under a controlled photoperiod (12-h day-night cycles), at constant room temperature (22 1C) and had access to food and water ad libitum.
Both GR
LysMCre and GR LckCre mice were genotyped for the presence of Nr3C1 loxp allele and Cre transgene by PCR. 9 All studies were performed in accordance with the Guidelines of the European Convention for the protection of Vertebrate Animals used for Experimental and other scientific purposes of the Council of Europe of 2006, the Helsinki Declaration. Stereotaxic LPS injections: For stereotaxic surgery, GR LysMCre or GR LckCre mutant mice and GR loxp/loxp control littermates were anesthetized by an i.p. injection of avertin at a dose of 0.5 mg/g. The scalp was shaved and a small hole was made at the surface for injection into the right striatum using the following stereotaxic co-ordinates in mouse Paxinos atlas (David Kopf instruments, Tujunga, CA, USA) from Bregma þ 1.3 mm anteroposterior, þ 2 mm lateral and -2.9 mm dorsoventral. In all, 1.5 mg/ml LPS (LPS Escherichia coli, serotype 055:B5; Sigma, St Quentin Fallavier, France) dissolved in PBS was injected using 10 ml Hamilton syringe into the right striatum over a 5-min period. I.p. RU486, BrDU and LPS treatments: GR LysMCre mutants and control mice were pre-treated by an i.p. injection of 30 mg/kg RU486 dissolved in 1 : 9 ethanol:oil or 100 ml ethanol:oil as vehicle 16 or 4 h before stereotaxic injection of LPS. To examine for glial proliferation, the mice were injected i.p. with 50 mg/kg BrdU (Sigma-B5002, St Quentin Fallavier, France) once every 24 h during 3-day period starting immediately after stereotaxic injection of LPS. In experiments on the effects of systemic LPS injection on microglial reactivity, old (15-30 months of age) mice were injected i.p. with a low dose of 0.5 mg/kg LPS or saline vehicle and killed 24 h after. Chronic unpredictable mild stress paradigm: Chronic variant stress was adapted from stress paradigm described in de Pablos et al. 16 GR LysMCre and control mice were exposed to variant-stressor paradigm for 6 consecutive days followed by stereotaxic LPS injection or mock injection on the seventh day. The following paradigm was used: day 1 -food deprivation for 24 h, day 2 -water deprivation for 24 h, day 3 -dirty bedding for 24 h, day 4 -acute restraint at room temperature for 2 h, day 5 -acute restraint at 4 1C, day 6 -cages at an angle for 24 h. Where appropriate the application of stress was performed at different times to minimize predictability. Analysis of corticosterone levels: Blood from GR LysMCre mice and their control littermates was collected by decapitation between 0700 and 0900 hours. The blood was centrifuged, the plasma stored at -80 1C until analysis. Corticosterone levels in plasma were determined by radioimmunoassay kit (Immunochem TM Corticosterone -MP Biomedicals, Illkirch, France).
Tissue preparation and specific staining. Three days (unless specified) after stereotaxic injections of LPS the mice were anesthetized with CO 2 and rapidly perfused transcardially with ice-cold 0.1 M sodium phosphate buffer (PBS) followed by ice-cold 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PFA). Brains were rapidly removed and post-fixed for 24 h in PFA 4%. In all, 30 mm thick coronal sections were cut serially and stored in PBS containing 0.1% sodium azide. Sections, 180 mm interval, at the level of the lesion were stained for: (i) LFB staining (1% LFB, 95% ethanol, 0.05% acetic acid) for 6 h at 56 1C, followed by 95% ethanol, 0.05%, lithium carbonate and 70% ethanol rinses; (ii) cresyl violet staining (0.5% cresyl violet, 0.3% acetic acid during 2 min, followed by dehydration; and (iii) Fluoro-Jade B (Histo-Chem Inc., Jefferson, AR, USA) as described elsewhere. 54 Immunostaining: For DAB labeling, the sections were rinsed in PBS, treated with 0.3% H 2 O 2 /PBS for 15 min and blocked in 4% new goat serum (Sigma) in PBS-T (PBS/0.3% Triton X-100). They were incubated with 1/750 anti-rabbit ionized calcium binding adaptor molecule 1 (Wako Chemicals GmbH, Neuss, Germany) or 1/1000 GFAP (Sigma) for 48 h at 4 1C. Following incubation with appropriate biotinylated secondary antibodies, the labeling was revealed using avidin-biotin peroxidase ABC kit (Vectastain, Vector Labs, Burlingame, CA, USA). Sections were dehydrated in graded ethanol series and xylene before being coverslipped.
For double-immunofluorescence, the sections were incubated with rabbit anti-GFAP as above and with 1/400 rat anti-F4/80 antibodies (AbD Serotec, Colmar, France). For GR co-expression experiments, they were incubated with: (a) 1/400 mouse anti-NeuN (Cell Signaling, Ozyme, St. Quentin Yvelines, France) and 1/1000 rabbit anti-GR (M-20 Santa-Cruz Biotechnology, Inc., Dallas, TX, USA), (b) rabbit anti-GFAP and 1/500 mouse anti-GR (3D5 AB9568, Abcam, Paris, France), (c) 1/500 rabbit anti-oligodendrocyte transcription factor 2 (Abcam) and mouse anti-GR at 4 1C for 48 h. Following incubation with 1/400 anti-rabbit cyanin-3 (Vector Labs) and 1/400 anti-rat Alexa 488 (Molecular Probes, Life Technologies, In Vitrogen, St. Aubin, France) secondary antibodies and PBS washes, the sections were mounted using vectashield (Vector Labs). For double-immunofluorescence with BrdU, the sections were first denatured in 2 N hydrochloric acid at 37 1C and neutralized with borate buffer. They were blocked in 0.25% gelatin/PBST and incubated with 1/200 mouse anti-BrdU (ImmunologicalsDirect.com, Oxford, UK) antibody followed by incubation with either anti-GFAP or anti-F4/80 antibodies. This was followed by incubation with secondary antibodies: for GFAP-BrDU anti-mouse Alexa 488 and anti-rabbit cyanin-3 antibodies were used whereas for F4/80-BrDU the sections were first incubated with 1/500 anti-mouse biotinylated antibody followed by incubation with 1/500 streptavidin-Alexa Fluor 546 (Molecular Probes) and 1/500 anti-rat Alexa 488 antibodies.
Quantification of the lesion, cell count, fluorescence microscopy and confocal analysis. Cresyl violet-stained sections were used to quantify total lesion volume whereas LFB sections were used for measuring corpus callosum lesion as previously published. 55, 56 Briefly, by bright-field microscopy (Nikon, Champigny Sur Marne, France), the lesioned region showing an absence of cresyl violet or LFB staining was delineated for each section. The total area and volume were determined using Mercator image analysis software (Explora Nova, La Rochelle, France). Fluoro-Jade B-positive cells were quantified from photomicrographs taken using FITC filter and Â 4 objective (Nikon). For all quantifications related to activated microglia and astroglia, DAB-labeled sections were used. ImageJ software (NIH, USA) was used for quantification of FluoroJade B-positive neurons, microglial and astroglial densities as well as microglial surface area. The genotype of mice was unknown to the investigator at the time of quantification. The double-immunofluorescence labeling of BrDU in microglia or astroglia was analyzed using Leica TCS SP2 confocal microscope (Leica Microsystems, Nanterre, France) in striatal, septal and cortical regions. Analysis was carried out on at least three fields for each region and all the sections (every 180 mm) showing lesions, four animals per group. Confocal images were taken of series range for each field in the section by determining an upper and lower threshold using the Z/Y position obtained from a Spatial Image Series setting. Over the stacks of the images comprising between 4 and 6 mm, GFAP-BrdUpositive and F4/80-BrdU-positive cells were quantified using LCS Lite software (Leica Microsystems) making sure that no overlap of cells occurred in the image series quantified. The double-labeled cells quantified in each region and sections were pooled for each animal.
In vitro experiments on primary microglial cells from P1 control and GR LysMCre pups. Cerebral hemispheres were dissected and cortex extracted from newborn mice after removal of meninges. After dissociation and homogenization, cells were seeded at 0.3 Â 10 6 cells/ml in DMEM containing 10% heat-inactivated FCS. Medium was changed at days 1 and 3, and microglial cells were collected at day 12 by shaking culture dishes to detach cells adhering to the astrocyte monolayer, as described. 57 For time-lapse video microscopy studies, freshly collected microglia were seeded in DMEM containing 4% FCS. After 90 min of incubation at 37 1C, the video microscopy recording was started, with cells under different treatments: 100 ng/ml LPS, 300 mM oxidized ATP (ox-ATP) or without treatment. The 12-well culture dish was imaged in a 37 1C heated chamber, with 5% CO 2 . The images were captured every 10 min using Leica DM IRBE microscope and camera. The treatments were initiated at the start of recording. For FluoroBlok cell migration assays, equivalent control and mutant microglia cells (10 000 per insert) were labeled with 10 mg/ml DilC 12 (3) fluorescent dye according to the manufacturer's instructions (BD Biosciences, Le Pont de Claix, France), washed in PBS and resuspended in DMEM medium containing 0.5% FCS and carefully seeded onto 24-multi-well FluoroBlok inserts (8 mm pore size, BD Biosciences). The LPS treatment was initiated and cells incubated at 37 1C. At 2 and 4 h, bottom fluorescence was measured at 549 (absorbance)/565 (emission) nm using SpectraMax M4 multi-mode microplate reader (Molecular Devices, St. Grégoire, France).
For qPCR studies, freshly collected microglia were seeded on 24-well plates in DMEM containing 4% FCS. They were treated 48 h later with 100 ng/ml LPS for 40 min and/or 100 nM dexamethasone, 50 nm aldosterone in DMEM medium containing 0.5% FCS. The cells were pre-treated with either dexamethasone or aldosterone for 1 h. Microglial cells were collected in RLT buffer from RNeasy Mini Kit (Qiagen, Courtaboeuf, France) and stored at À 80 1C for total RNA extraction.
RT-qPCR analysis. Six or 24 h after LPS stereotaxic injection, the ipsilateral lesioned and contralateral non-lesioned striata and cortical regions were rapidly punched at À 5 to À 10 1C and placed in RNA Later (Qiagen). Total RNA was prepared using RNeasy lipid mini kit (Qiagen). The RNA integrity and concentration was determined by using Agilent gel and Agilent apparatus (Agilent Technologies, Les Ulis, France), on average the RIN values were between of 8 and 9. In all, 1 mg of total RNA from whole tissue and 500 ng from cell cultures were used for cDNA synthesis with Superscript III (In Vitrogen, St. Aubin, France). qPCR experiments were performed in triplicates for each condition using Syber Green master mix. HPRT and b-microglobulin primers were used as internal controls for whole tissues and in vitro microglial cultures, respectively.
Electrophysiology. Microglial cells grown on glass coverslips were placed in a recording chamber on the stage of an upright microscope (Olympus BX51, Rungis, France) and constantly perfused at room temperature (22-24 1C) at 4 ml/min with an extracellular solution containing (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 20 glucose, 2 CaCl 2 and 1 MgCl 2 , bubbled with carbogene (pH 7.4, 310 mOsm). Whole-cell recordings were performed with pipettes (5-7 MO) filled with a solution containing (in mM): 132 K-gluconate, 11 HEPES, 0.1 EGTA, 4 MgCl 2 (pH 7.35 adjusted with KOH, osmolarity B300 mOsm). Voltageclamp recordings were performed using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA, USA). Currents were low-pass filtered at 5 kHz, collected using PClamp 9 (Molecular Devices) at a frequency 10 kHz and analyzed off line using Clampfit (Molecular Devices). During recordings, the series resistance (Rs) was not compensated and was monitored continuously. Recordings were discarded if Rs increased by 420%. Hyperpolarizing and depolarizing steps (from -150 to þ 50 mV for 50 ms) were applied from a holding potential of -70 mV to determine I/ V relationship of each recorded cell. Membrane input resistance and capacitance of the cells were determined from the current responses to the voltage pulses ranging from -40 to þ 20 mV from the holding potential of À 70 mV. Current densities used to quantify the effects of LPS and dexamethasone on delayed rectifier currents were measured after subtracting the leak current determined from the linear portion of the I/V curve. All potentials were corrected for a junction potential of À 8 mV. Values are presented as mean ± S.E.M. Statistical significance was tested with Mann-Whitney U-test.
Statistical analysis. Data are expressed as mean ± S.E.M. Statistical analysis was performed using Mann-Whitney tests (StatView 5.0 (Cary, NC, USA) or GraphPad Instat software (San Diego, CA, USA)) unless specifically stated. Differences of Po0.05 were considered statistically significant; n denotes number of animals for in vivo studies or number of individual experiments for in vitro experiments.
